Formation of InAs /GaAs quantum dots by dewetting during cooling
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We describe a method to form InAs quantum dots on GaAs by cooling an InAs film that is deposited
at high substrate temperatures. The reflection high-energy electron diffraction pattern taken after
deposition of 1.9 monolayers of InAs @¢h00) GaAs at 540 °C does not display the characteristic
spot pattern that is seen when three-dimensional islands form on the surface. The characteristic spot
pattern appears when the sample is cooled to about 330 °C, indicating that the three-dimensional
islands appear at this temperature. Atomic force microscopy confirms the existence of the islands.
An explanation for this behavior based on an increase in intermixing at the InAs/GaAs interface is
proposed. ©2002 American Vacuum SocietyDOI: 10.1116/1.1495094

[. INTRODUCTION single wavelength pyrometer that can measure temperatures

The formation of InAs and InGaAs self-assembled quan@S 10w as 450°C. The thermocouple reading is always

tum dots(QDS) on GaAs by the Stranski—Krastanow transi- Nigher than the pyrometer reading, and the difference in-
tion is now a well-established proceddfé.During molecu- ~ C'éases slightly as the temperature increases. The minimum

lar beam epitaxyMBE), the reflection high-energy electron differential is 110 °C, when the pyrometer reads 450 °C and
diffraction (RHEED) pattern is monitored in order to deter- the thermocouple reads 560 °C. When reporting tempera-
mine when the surface transition from two-dimensionaltures in this article, we use the value measured by the py-
growth to three-dimensional growtffisland formation ~ rometer for temperatures above 450 °C and the thermocouple
occurs? When the electron beam is directed along certairfeéading minus 110 °C as an estimate below this temperature.
azimuths, the RHEED pattern displays a distinct spot patter/Mfter thermal desorption of the oxide, the following se-
once the three-dimensional islands form on the surface. Urfluence of epilayers is deposited at 600 °C to obtain a smooth
der certain growth conditions, the RHEED pattern may dissurface: 250 nm GaAs, 50 period$ ® 2 nmAlAs/2 nm
play chevrons that give some information about the shape daAs superlattice, and 250 nm GaAs. The sample is then
the islands® If structural information such as shapes of theannealed under an arsenic flux for 2 min before it is cooled
islands is desired, the sample is often rapidly cooled to roonto the quantum dot growth temperature. The InAs epilayers
temperature for measurement by methods such as atom@te deposited 0.1 monolayers at a time, followed by a 10 s
force microscopy(AFM), scanning tunneling microscopy anneal in the arsenic flux. This cycle is repeated until the
(STM), or transmission electron microscofyEM). The ef-  total number of monolayers has been deposited.
fects, if any, of this quenching procedure are still uncertain The RHEED pattern is monitored with the electron beam
because of the difficulty in characterizing the islands at thencident along th¢011] azimuth. This azimuth corresponds
growth temperature. to the fourfold reconstruction on As-stabiliz¢#i00) GaAs

In this article, we will describe our measurements of thewhen the substrate temperature is around 600 °C. We deposit
evolution of the RHEED pattern during the growth of thin about 1.9 monolayers of InAs by cycling through the above
InAs epilayers on GaAs. These measurements show a subBequence 19 times. At a substrate temperature of 540°C, we
stantial change in the pattern, from a two-dimensional patobserve the RHEED pattern shown in Figa)l This pattern
tern to a three-dimensional pattern as the substrate temperng-very diffuse, and the only prominent feature is the specu-
ture decreases. We will also describe the reversibility of thigarly reflected spot. There is no indication of the diamond-
transition by reheating and recooling the samples, where Rke pattern consisting of two spots along tt@®) streak and

significant hysteresis is observed. one spot on each of th@1) and (09 streaks that is com-
monly reported on this azimuth when three-dimensional is-
[Il. EXPERIMENTAL RESULTS lands form on the surface.

The samples are grown off00) GaAs using a solid The sample is then cooled in the As flux at a rate of
source MBE machine equipped with a valved arsenic?®°C/min(as measured by the thermocouplehe RHEED
cracker. The substrate temperature is measured using bottPattern evolves as the sample cools, acquiring first-order dif-

noncontact thermocouple on the back of the wafer and #action streaks. When the temperature is about 330°C, we
observe[Fig. 1(b)] the formation of split spots along the

dCurrent affiliation: Physics Dept., Fontys Hogescholen Eindhoven, Neth-S_pGCUIar streak and ind_iViduaI spots On_the firSt'order diffrac-
erlands. tion streaks. We can still observe the diffraction streaks, and
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Fic. 2. 1umX1 umx12 nm AFM image of the QDs that are formed by
cooling the 1.9 monolayers of InAs.

serve any chevrons under these growth conditions, as has
sometimes been reportédWe note here that we see a simi-
lar spot pattern along tH®11] azimuth, as is commonly seen
when the islands form at the growth temperature.

The quantum dots that are formed on this sample are mea-
sured with AFM. An AFM image of these QDs is shown in
Fig. 2. The areal density is about 100n 2. The mean
height is 3.37 nm with a standard deviation of 1.47 nm. This
density is within the range that is often reported for InAs/
GaAs quantum dot growth, but the size distribution is much
larger than is typically reported. This is likely due to the low
temperature at which the islands form, which reduces the
adatom surface diffusion length and inhibits size equaliza-
tion.

We also note that these islands are stable at temperatures
that are higher than the low temperature at which the islands
form. We have reheated the islands under an arsenic flux
while monitoring the RHEED pattern. We continue to ob-
serve a spotty pattern until about 470 °C, at which point the

() diffusely scattered electron intensity is very high, and the
_ pattern once again appears similar to what is observed in Fig.
Fic. 1. (8 RHEED image along thE011] azimuth after deposition of 1.9 1(a), with only the specularly reflected spot visible. When

monolayers of InAs 018100 GaAs at 540 °C. Only the specularly reflected . .
spot is seen(b) after the sample has cooled at 25 °C/min to a temperature oilhe sample is then recooled, we can once again observe the

about 330 °C/(c) after the sample has cooled to about 300 °C. This pattern@Pp€arance of a spotty RHEED pattern.
is stable.

Ill. DISCUSSION

This change in the RHEED pattern during cooling has not
the intensity of the spots is only slightly brighter than the previously been reported for InAs epilayers grown on GaAs
intensity of the streaks. These spots continue to intensify, andsing MBE. This phenomenon has previously been observed
at a temperature of about 300 °C the pattern shown in Figior MBE growth of InAs on SP Hansenet al. deposited 1.5
1(c) becomes stable. The spots have increased in intensity snonolayers of InAs on Si at 370°C and then cooled the
that they now have high contrast with respect to their corresample. Below 320 °C, they discovered that islands formed,
sponding streak. These spots are consistent with the tranand the size distribution of the islands was unusual. In the
mission pattern seen on this azimuth during the formation otase of InAs/Si, the critical thickness required for the
QDs at growth temperatures of 450—550 °C. We do not ob2D-3D transition can vary over a wide thickness range, from
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about 1.5 to 5.0 monolayers, as the substrate temperatuheAs has been established experimentally and is consistent
increases from 250 to 400 °CAbove about 420°C, no 3D with a QD volume that is larger than can be attributed to the
growth mode was seen for InAs/Si. For InAs/GaAs, thelnAs alone'® As temperature increases, more intermixing is
thickness required for QD formation has a weaker temperaexpected to occur, which would increase the Ga mole frac-
ture dependence, varying from 1.5 to 2.4 monolayers as théon in the InGaAs surface layer. This would lead to a reduc-
substrate temperature varies from 300 to 54¢°C. tion in the lattice mismatch and thus a reduction in the strain.
The high temperature (540 °C) at which the InAs is de-Therefore, when the film begins cooling, it will contain a
posited is higher than typically reported for InAs MBE surface layer that has a reduced lattice mismatch compared
growth on GaA$. At temperatures above about 500 °C, to a film that is nominally the same composition and thick-
theory predicts that the InAs will form a liquid-like layer on ness but is deposited at a lower substrate temperature. The
the surface of the Ga2%This is consistent with the RHEED hysteresis in the island nucleation/denucleation that we ob-
pattern shown in Fig. (B), where only the specularly re- Serve during the cooling and reheating of the sample indi-
flected spot is observed. Such a pattern would be expecte&tes some activation barrier that must be overcome for this
when there is little or no crystalline order in the 2 monolay-transition to occur. This could occur if, during cooling, GaAs
ers that are closest to the surface. As the sample is cooleg0lidifies first, leaving the liquid layer more InAs-like. The
the InAs first forms a solid, highly strained, crystalline film Strain would then be increasing as the sample cooled and
in which the surface atoms have high mobilities. High mo-Would eventually be large enough to drive the transition to
bilities allow In atoms to rearrange on the surface, thus proSD islands. During reheating, the strain has been reduced by

viding a kinetic mechanism for the formation of the three-the formation of the 3D islands, and only when the tempera-
dimensional islands. ture is sufficiently high does the 2D InAs layer again become

Our experiments further indicate that the critical thicknessEnergetically favorable, allowing remelting of the InAs and
for 2D—3D transition of InAs/GaAs films is not just depen- reintermixing with the GaAs. This then allows the cycle to

dent on the substrate temperature. We have grown InAs film@€ "epeated, as we observed.
on GaAs at various temperatures, and we find that at a tem-

perature of 470°C, a 3D RHEED pattern is observed aftefyy syUMMARY

deposition of about 1.6 monolayers of InAs. Thus we might
expect that once a sample that has greater than 1.6 monola
ers of InAs deposited at some higher temperature is cooled

below 470 °C, the InAs film would undergo the 2D—3D tran- two-dimensional epilayer of InAs evolves as the sample

sition. This is not what we observe. As described earlier, WeCOOIS down to form three-dimensional islands. This “dewet-

must cool 1.9 monolayers of InAs, deposited at 540 °C, totlng phenomenon shows that the InAs films become un-

around 330 °C before we observe a 3D RHEED pattern. Thi§table during cooling. We. _also show that the Cr.'“c"’." thick-
i . ness for the 2D—3D transition of an InAs/GaAs film is not a
demonstrates that the critical layer thickness for InAs quan-

tum dot formation depends not only on the substrate tem§|mple function of substrate temperature, but instead also

. depends on other parameters such as deposition temperature.
perature, but also on the substrate temperature during dep&— . ; i
sition of the INAs. HEED patterns measured during reheating and recooling of

. . . o .the samples demonstrate the reversibility and hysteresis of
One possible explanation for this behavior is that there 'She 2D—-3D transition. These results show that InAs epilayers

some desor.ption of In qdatoms a.t a substrate tempgrature &n evolve during quenching from growth temperature and
540°C, which would give an epilayer of InAs that is less may have implications on the accuracy of measurements of

than 1.9_ mono!ayers. Previous restiltave m_d_lcated that the shapes and sizes of quantum dots formed at growth tem-
the required thickness for the 2D-3D transition at grov"thperature

temperature is constant below about 450 °C and also that the

transition is reversible. Based on these results, it is expected
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